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Barcelona, SpainABSTRACT In a previous work, we have shown that a spatially localized transmembrane pH gradient, produced by acid micro-
injection near the external side of cardiolipin-containing giant unilamellar vesicles, leads to the formation of tubules that retract
after the dissipation of this gradient. These tubules have morphologies similar to mitochondrial cristae. The tubulation effect is
attributable to direct phospholipid packing modification in the outer leaflet, that is promoted by protonation of cardiolipin head-
groups. In this study, we compare the case of cardiolipin-containing giant unilamellar vesicles with that of giant unilamellar ves-
icles that contain phosphatidylglycerol (PG). Local acidification also promotes formation of tubules in the latter. However,
compared with cardiolipin-containing giant unilamellar vesicles the tubules are longer, exhibit a visible pearling, and have a
much longer lifetime after acid micro-injection is stopped. We attribute these differences to an additional mechanism that in-
creases monolayer surface imbalance, namely inward PG flip-flop promoted by the local transmembrane pH gradient. Simula-
tions using a fully nonlinear membrane model as well as geometrical calculations are in agreement with this hypothesis.
Interestingly, among yeast mutants deficient in cardiolipin biosynthesis, only the crd1-null mutant, which accumulates phospha-
tidylglycerol, displays significant mitochondrial activity. Our work provides a possible explanation of such a property and further
emphasizes the salient role of specific lipids in mitochondrial function.INTRODUCTIONThe shapes of cell membranes as well as their global or local
modifications have an essential role in cell function. The
shape of a membrane, i.e., its local or global curvature, is
related to the asymmetry of its composition (transbilayer
asymmetry of lipids and proteins) and its environment
(ion gradients, unilateral binding of effector molecules).
Many studies have attempted to mimic such shape changes
in lipid bilayers (1–3). Membrane shape/curvature changes
often occur through local or global modifications of the rela-
tive area of the two bilayer leaflets (3–5). Such processes
may be associated with perturbations of the lipids per se.
In this regard, two main mechanisms have been docu-
mented: 1), direct differential change in the packing (i.e.,
the effective molecular area and/or shape) of specific lipid
species between the two monolayers attributable to e.g.,
asymmetrical ligand or protein binding, chemical modifica-
tion, or electrostatic effects (6–12); and 2), asymmetric lipid
transbilayer diffusion, either spontaneous or protein medi-
ated (13–15). In the present study, we describe an exampleSubmitted April 25, 2014, and accepted for publication July 9, 2014.
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0006-3495/14/08/0879/12 $2.00of a local shape change of a lipid bilayer where there is
interplay of these two processes, in the context of a model
membrane system that mimics the mitochondrial inner
membrane of a yeast cardiolipin (CL)-deficient mutant
that accumulates phosphatidylglycerol (PG).
The mitochondrial inner membrane (MIM) is a salient
case in which bilayer shape and its modifications are
strongly coupled with organelle function. It is the main
site for ATP production in aerobic eukaryotes, associated
with a transmembrane electrochemical proton gradient.
This gradient couples an O2-fueled respiratory chain with
an ATP-synthase, as explained by the chemiosmotic theory.
Such processes take place mainly in tubular invagina-
tions of the MIM, termed cristae (16). Their particular local
shape appears to be strongly coupled with function
because respiratory rate and ATP synthesis affect cristae
morphology (17). Depending on the physiological state of
the mitochondria, the mitochondrial matrix shape can be
either ‘‘orthodox,’’ with thin cristae, or ‘‘condensed,’’ with
thicker cristae. The origin of the MIM cristae shape as
well as of its coupling to mitochondrial function is the sub-
ject of intense research. CL, a particular lipid found almost
only in the MIM, likely plays an important role because ab-
normalities in its synthesis usually lead to drastic changeshttp://dx.doi.org/10.1016/j.bpj.2014.07.015
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as of the cristae morphology (18). However, several authors
(19–22) have reported that the yeast crd1-null mutant,
which lacks CL synthase and has no detectable CL but
accumulates phosphatidylglycerol (PG), displays normal
mitochondrial activity at 30C in glucose and nonfer-
mentable carbon sources, although mitochondrial func-
tional defects are apparent under suboptimal substrate
conditions and higher temperature. This suggests that PG
can specifically substitute for some functions of CL in
the MIM.
In a previous work, using giant unilamellar vesicles
(GUVs) made of phosphatidylcholine (PC)/phosphatidyl-
ethanolamine/CL or PC/CL to model the MIM, we offered
some new insights into the factors that determine the
dynamical tubular structures of the mitochondrial inner
membrane cristae (23,24). We found that when such vesi-
cles are locally submitted to an external local acidification,
by topically generating a higher pH outside of the mem-
brane, inward tubulations develop. The morphology of these
tubules is strongly reminiscent of MIM cristae. This sug-
gests that cristae formation can be accounted for within a
minimal purely lipidic model membrane under the influence
of an electrochemical proton gradient. Additionally, we
have developed a theoretical description of local membrane
deformations attributable to local pH variations (11,12,23–
26). The asymmetric pH-induced changes of protonation
of charged headgroups and the resulting changes of the elec-
trostatic interactions between such headgroups promote
asymmetric local modifications of the lipid packing. This
affects both equilibrium lipid density and monolayer local
spontaneous curvature, resulting in a local deformation
of the membrane (12,26). Intermonolayer friction plays
an important role in the relaxation dynamics of these
deformations.
In the present study, we further refine this model by
focusing on yeast mutants that feature CL-deficient but PG-
enriched membranes. Using PC/PG-GUVs, we find that a
local pH-induced tubulation also occurs but with a different
morphology and dynamics. We show that such behavior
can be accounted for in the framework of ourmodel, provided
that specific properties of PG regarding flip-flop are taken
into account. These results provide an explanation of the
functionality of the crd1-null yeast mutant.MATERIALS AND METHODS
Chemicals
Lipids were purchased and used without further purification: egg yolk
L-a-phosphatidylcholine (PC) from Sigma-Aldrich, Lyon France; and heart
bovine 1,3-bis(sn-3-phosphatidyl)-sn-glycerol diphosphatidylglycerol (CL)
and L-a-phosphatidylglycerol (PG) from Avanti Polar Lipids, Alabaster,
AL. Fluorescent probes 6-dodecanoyl-2-dimethylaminonaphthalene (Laur-
dan) were from Molecular Probes, HEPES from Interchim, Montluc¸on,
France and EDTA from Sigma-Aldrich.Biophysical Journal 107(4) 879–890Giant unilamellar vesicles preparation
GUVs were made on platinum electrodes in 2 ml of buffer A (pH 8, HEPES
0.5 mM, EDTA 0.5mM) in a temperature-controlled chamber (T ~ 25C)
by the electroformation method as described in an earlier study (23). The
GUVs were used the same day. Electroformation is known to produce ves-
icles that are ~ 90% unilamellar (27,28). Unilamellarity of studied vesicles
was checked by careful phase-contrast microscopy examination of the junc-
tion with the electrode as well as of long-wavelength thermal membrane
fluctuations.Video microscopy and microinjection
The GUVs were observed by phase contrast with a Zeiss Axiovert
200M microscope, equipped with a charge-coupled device camera
(CoolSNAP HQ, Photometrics, Tucson, AZ). The experiments were com-
puter-controlled using Metamorph software (Molecular Devices, Downing-
ton, PA).
Tapered micropipettes for the local injection of HCl were made from
GDC-1 borosilicate capillaries (Narishige, Tokyo, Japan), pulled on a
PC-10 pipette puller (Narishige). For local injection of the acidic solution
of HCl (100 mM, pH 1.6) a microinjection system (Eppendorf femtojet,
Hamburg, Germany) was used with capillary of 0.3 mm and injection pres-
sure set at 15 to 25 hPa. The positioning of the micropipettes was controlled
by a high-graduation micromanipulator (MWO-202, Narishige) and the
initial distance from the GUV membrane was ~ 10 mm.Large unilamellar vesicle preparation
Large unilamellar vesicles (LUVs) were prepared in buffer B (HEPES
5 mM, EDTA 0.1 mM, pH 8), using the extrusion method described in an
earlier study (24). The fluorescent probe Laurdan was mixed with the lipids
in the initial organic solution and was used at low concentrations to not
perturb the lipid bilayer structure at 1/200 Laurdan/lipid ratio. The LUVs
solution were kept at 4C, and used for measurements the day after.Laurdan fluorescence measurements
Steady-state fluorescence measurements were carried out with a Cary
Eclipse spectrofluorimeter (Varian Instruments, Palo Alto, CA) equipped
with a thermostated cuvette holder (5 0.1C). Excitation and emission slits
were adjusted to 5 nm. Fluorescence emission spectra were all recorded
at 25C. All fluorescence measurements were carried out at a total lipid
concentration of 0.2 mM.
The pH of the LUV samples was gradually lowered by adding aliquots of
10 or 100 mM HCl. Measurements were made after 5 min of equilibration
under agitation. Excitation wavelength was 355 nm. Shifts in the Laurdan
emission spectrum were quantified by calculating the generalized polariza-
tion (GP) defined as GP ¼ (I440 – I490)/(I440 þ I490) (29).RESULTS AND DISCUSSION
Comparison of tubular shape invaginations
under local pH modulation in CL- and
PG-containing GUVs
Our previous studies have shown that a localized change in
pH in the vicinity of a GUV can elicit a local shape trans-
formation of the bilayer, depending on the lipid composi-
tion (11,12,23–25). Such a pH sensitivity, requires the
presence of a lipid species, which undergoes a change of
its degree of protonation and therefore of its overall charge.
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cally is as follows. The local variation of the average
charge leads to a local modification of the mutual repulsion
between lipid molecules in the outer monolayer. This
directly affects their packing, by changing both their effec-
tive molecular shape and their equilibrium in-plane area.
This promotes a tendency for local shape change because
the outer monolayer of the exposed membrane zone has a
new spontaneous curvature and a new equilibrium molecu-
lar density. There is therefore a local mechanical asymme-
try between the two monolayers. A relaxation mechanism
is the relative sliding of the two monolayers that tends to
spread the local density mismatch (although not the spon-
taneous curvature mismatch) between these monolayers
over the whole membrane. However, since this process is
slow because of intermonolayer friction, a transient shape
change occurs to accommodate the asymmetry between
the two monolayers. The exact nature and magnitude
of the shape change depends on the sign and the strength
of the initial mechanical stimulus caused by the chemical
modification and on other factors (such as the GUV mem-
brane tension). This is the mechanism that we have previ-
ously invoked for the formation of cristae-like tubulations
in CL-containing GUVs.
In the present study, we have compared the effect of a
local pH gradient on GUVs with lipid composition corre-
sponding to that 1), of normal MIM membrane and 2), of
the yeast cdr1-null mutant devoid of CL and accumulating
PG. For this purpose, we have used a setup similar to that
of our previous study. Namely, individual GUVs in buffer
at a pH of 8 (similar to the mitochondrial matrix pH) were
locally submitted to an external pH decrease by continuous
acid microinjection in the vicinity of the membrane (dis-
tance 10 mm) to mimic locally acidification because of the
activity of the mitochondrial respiratory chain. In our previ-
ous work (23), we roughly estimated that such acidification
brings the bulk pH near the GUV to a value of 4 to 5 by
a calculation based on visualizing the acid flux from the
micropipette under the microscope. Here, estimation of
the steady-state pH at the membrane surface was made us-
ing a more precise theoretical description of the proton
flux, taking into account the actual micropipette geometry
and realistic values for the injection pressure range of our
experiments and described in the Supporting Material
including Fig. S1. This calculation yielded a pH of 4.8 5
0.4 at the membrane surface facing the micropipette for a
50-mm-diam. vesicle and for a 30 s injection. This is consis-
tent with our earlier estimation. Two lipid compositions PC/
CL 90:10 and PC/PG 90:10 (mol/mol) were compared.
Below are shown representative data for the two cases.
As already reported previously, in the case of CL-contain-
ing GUVs, such local pH decrease promotes rapid and pro-
gressive formation of inward tubular invaginations (Fig. S2
and Movie S1 in the Supporting Material). The morphology
of these tubes strongly recalls mitochondrial cristae (23,24).When acid microinjection is stopped, the tube retracts
(frames from t ¼ 31.8 s to 71.7 s in Fig. S2). Its retraction
time depends on the size and the membrane tension of
the GUV and remains similar for comparable vesicles (see
Fig. 2 C). For the relatively large (diameter ~ 50 mm) and
slightly deflated vesicle of Fig. S2, the retraction time is
equal to ~ 40 s.
When PG is substituted for CL, local acidification also
promotes tubulation with similar growth kinetics (Fig. 1,
Movie S2). However, two major differences are apparent.
First, the morphology of these tubules is markedly different.
On average, these grow longer than with CL and ultimately
exhibit a pearled morphology. Second, after acid injection is
switched off (frames from t¼ 27.3 s to 203.3 s in Fig. 1), the
kinetics of tube retraction is significantly slower. In the case
of the vesicle of Fig. 1, which has a similar size and tension
than that of Fig. S2, the time for tube retraction is 170 s, i.e.,
more than four times slower that for CL vesicles.
Fig. 2 A and B compare the CL vesicle and PG vesicle
tubules of Figs. 1 and S2, emphasizing their different mor-
phologies. The different dynamical behavior is quantified
in Fig. 2 C, which shows the evolution of the planar length
of the tubule (i.e., the length as measured on microscopic
images that corresponds to a planar projection of the tubule).
The above data are representative of the behavior of large,
slightly deflated, vesicles containing CL or PG. Local acid-
ification of smaller and/or tenser vesicles formed extremely
long, narrow, and entangled tubules that retracted very
slowly. A possible contributing effect on shape changes of
the osmotic pressure difference generated by acid injection
was ruled out by submitting GUVs to injection of 100 mM
or higher sucrose under similar conditions: no shape change
was observed (not shown).pH effect on lipid packing in PG- and
CL-containing LUVs
To attain more insight into the mechanism of the local pH-
induced tubulation in PG-containing bilayers, as compared
with CL-containing bilayers, we have studied the effect of
pH on lipid packing using the fluorescence of Laurdan
incorporated in the membranes of LUVs of similar lipid
composition as the GUVs described above. Besides
providing useful information about the effect of pH and
headgroup protonation state on lipid packing, these data
allow one to estimate of the ‘‘apparent pKa’’ of such proton-
ation phenomena. In bilayers containing charged lipids, and
because of the negative surface potential, the Hþ concentra-
tion in the vicinity of the membrane is likely to be different
than in the bulk. Charged lipids, depending on their concen-
tration in the membrane, modulate the pH range for their
own protonation. The extent of this modulation also depends
on ionic strength (30).
Fig. 3 shows the effect of pH on the Laurdan generalized
polarization for various LUVs composition. For PC/CLBiophysical Journal 107(4) 879–890
FIGURE 1 Local membrane invagination triggered on a GUV composed of PC/PG 90:10 mol/mol by a local pH decrease performed using a micropipette
delivering an acidic solution (100 mMHCl, pH 1.6) in buffer A at pH 8. The acid microinjection is started at t¼ 0 and ended at t¼ 27.3 s. The corresponding
movie is Movie S2.
Biophysical Journal 107(4) 879–890
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FIGURE 3 Effect of pH on the general polarization measured from fluo-
rescence emission spectra of Laurdan in LUVs of various compositions at
25C. The Laurdan/lipid ratio is 1:200 (mol/mol), and the GP is calculated
as GP ¼ (I440 – I490)/(I440 þ I490).
FIGURE 2 Comparison of the morphologies of tubes formed in GUVs of
composition (A) PC/PG 9:1 mol/mol and (B) PC/CL 9:1 mol/mol upon local
microinjection with acid. The images correspond to t ¼ 23.7 s and t ¼ 90.2
s, respectively, after injection. (C) Comparison of the kinetics of tube
growth upon local microinjection with acid for GUVs of composition
PC/CL 9:1 mol/mol (diamonds) and PC/PG 9:1 mol/mol (triangles). The
apparent planar length of tubes was measured manually on microscopy im-
ages using the curvilinear tool of ImageJ. The microinjection starts at t ¼
0 and ends where indicated by a vertical arrow.
Lipid Flip-flop and Bilayer Tubulation 88390:10, decreasing pH gives rise to an important increase of
GP and therefore of lipid packing in the hydrated region of
the membrane. This is in agreement with our previous
studies (1–3). This results from the protonation of CL head-
groups that decreases the electrostatic repulsion between CL
molecules and therefore changes their effective molecular
shape as well as their molecular surface area. We previously
showed that such effects are the effective driving force for
the pH-induced shape transformations found in CL-contain-
ing GUVs (24). The pH effect on CL bilayers occurs in the
bulk pH range of 6 to 2.5, suggesting that this is the actual
range for the CL headgroup protonation under such condi-
tions. When PG is substituted for CL in identical molar pro-
portion (PC/PG 90:10), a rather similar effect is observed on
GP when pH is lowered, although the overall GP values are
higher with CL, because of the well-known ordering effect
of the CL backbone (31). The pH range for the effect is
also similar. No such pH-induced packing variation occursin this range for the zwitterionic phosphatidylcholine,
emphasizing its specificity for charged phospholipids.
For 10% PG, the increase in packing occurs between a pH
of 7 and 2.5. This is to be compared with a reported intrinsic
pK value of 2.9 for PG (32). However, when the proportion
of PG in GUVs is doubled to 20%, the low-pH induced in-
crease in GP is shifted by 0.5 to 1 pH units toward higher
pH. This illustrates the mutual influence of PG molecules
on their protonation behavior, namely, the higher the PG
percentage in the membrane, the more its protonation is
anticooperatively hindered because of the unfavorable
mutual electrostatic repulsion as well as to the increased
membrane charge that attracts Hþ toward the surface
(30). Thus the deprotonation of negative lipids in mem-
branes can be strongly shifted or extended to higher pH.
These data indicate that, for PG-containing GUVs, a
shape-changing mechanism similar to that proposed for
CL-containing GUVs (23,24) is operative. Indeed, at 10%
PG, a pH decrease from 8 to 4.8 5 0.4, identical to that
imposed in the GUVexperiments, promotes a significant in-
crease in packing because of increase in molecular equilib-
rium density and monolayer spontaneous curvature. It is
therefore likely that such a mechanism contributes to the
tubulation observed for PG-containing GUVs.Geometrical interpretation of the pearled tube
morphology
Despite this similarity, significant differences are observed
with regard to the local shape change elicited by local
acidification between CL and PG-containing GUVs. ABiophysical Journal 107(4) 879–890
FIGURE 4 Average mean-curvature <H> of a tube subject to a peri-
staltic undulation (inset) normalized by the mean-curvature H0 = 1/2R0
of the tube of radius R0 with the same volume, as a function of the wave-
length l of the undulation. The area-difference between the two monolayers
is proportional to the mean-curvature H of the membrane. The relative
amplitude ε of the undulation is equal to 0.1 (dotted line), 0.3 (dashed
line), and 0.5 (plain line). The inset corresponds to the situation indicated
by a red dot.
884 Khalifat et al.particularly salient one is the different morphology of the
tubes formed, which, in the case of PG, are longer and exhibit
pearling. As shown from geometrical arguments in our previ-
ous work (23), a tube is a more efficient way of accommoda-
ting surface curvature as compared with, e.g., a bud. This
suggests that the longer tube length obtainedwith PG is attrib-
utable to a higher surface curvature and therefore a higher
lipid density mismatch between the two monolayers. In this
section, we show that further geometrical arguments may
explain why a lipid density mismatch may also lead to an un-
dulated tube. We consider a membrane tube of radius R0 and
study whether the area-difference between its two mono-
layers increases or decreases when a peristaltic undulation
is established. We choose a sinusoidal undulation that con-
serves the volume parameterized in cylindrical coordinates
by the following:
rðzÞ ¼ Ro

1þ ε
2
2
1=2
1þ ε cos

2pz
l

; (1)
where ε is the amplitude of the undulation and l its wave-
length. We do not assume ε to be small. The area-difference
between the two monolayers is proportional to the mean-
curvature H of the membrane (4). The latter is given by
the following:
HðzÞ ¼ 1þ r
0ðzÞ2  rðzÞr00ðzÞ
rðzÞ1þ r0ðzÞ23 =2 ; (2)
where r0 and r00 are respectively the first and second z-deriv-
atives of r. For given amplitudes and wavelength of the un-
dulation, we have numerically calculated the average <H>
of the mean-curvature (and hence the area-difference) along
the tube axis. As shown in Fig. 4, roughly around l( 3R0,
the average mean-curvature decreases as the tube undulates,
whereas roughly around l T 3R0 it increases, the increase
being significant if the amplitude is larger than ~ 30%.
This shows that imposition of an area-difference above
a certain threshold can indeed induce pearling of a tube,
as observed experimentally for PG-containing GUVs.
Thus both the longer length and the pearling of the tubes
formed in PC/PG-GUVs are attributable to the occurrence
of a higher pH-induced monolayer mechanical imbalance
as compared with CL-containing GUVs.Hypothesis on the differences of the tubulation
processes of PC/CL- and PC/PG-GUVs
The preceding data suggest that, although the pH-induced
tubulation in CL and PG vesicles share one common shape
change mechanism, a second mechanism is also operative
for PC/PG-GUVs that adds to the surface imbalance, hence
the longer tube length and the pearling. This later mecha-
nism is likely also responsible for the slower tube retraction.Biophysical Journal 107(4) 879–890Interestingly, Cullis and collaborators (33,34) demonstrated
that PG can undergo rapid transbilayer diffusion in LUVs
through its neutral form even above its pK. In the presence
of a pH gradient, the formation of the neutral intermediate
is more favorable in the monolayer facing the most acidic
solution, so that more PG molecules leave this monolayer
toward the other one than the opposite. Furthermore, after
monolayer translocation, neutral PG molecules are bound
to become quickly deprotonated in the new basic environ-
ment, making the reverse motion very unlikely. In short,
protonated PG becomes neutral and can easily flip toward
the higher pH leaflet driven by mixing entropy differences,
but then by losing its proton in the new environment the
reverse translocation is kinetically blocked. This results in
a net transport of PG toward the monolayer and an asym-
metric distribution of PG, with PG accumulating in the
monolayer facing the most basic solution. No similar
transbilayer diffusion is found for CL (33). This difference
can be explained by the smaller size of the PG headgroup
compared with the bulky CL headgroup and by that
fact that PG can be brought to neutral form by binding of
a single Hþ whereas CL requires binding of 2 Hþ, a much
rarer event.
Considering the well-known relation between phospho-
lipid asymmetric flip-flop and membrane curvature (13–
15), we propose that inward PG flip-flop occurs in the
area exposed to acid in GUVexperiments. Since the external
surface of this area is more acidic, lowered to a pH close to
4, this generates a net inward transport of PG from the outer
to the inner monolayer thereby creating an asymmetric dis-
tribution of PG. Such a process leads to a decrease of the
Lipid Flip-flop and Bilayer Tubulation 885outer monolayer density and an increase in the inner mono-
layer density and therefore to an additional density
mismatch between the two monolayers and therefore to a
further bilayer imbalance. This adds up to the direct mech-
anism involving electrostatic repulsion and modification of
equilibrium density mismatch/spontaneous curvature. Inter-
estingly, global shape changes of PG-containing GUVs
upon bulk external pH acidification have already been re-
ported (14,35).
An a priori estimate of the relative efficiency of both
mechanisms can be obtained as follows. According to an
earlier study (34), the half-time for PG flip-flop induced
by acidification to a pH of 4 is 12 min at T ¼ 25C. It can
be straightforwardly calculated that, at 10% total PG, this
corresponds to a PG translocation corresponding to a frac-
tion A ~ t.ln2/t1/2 ¼ 0.01 of total lipid after 10 s in the
acid-exposed area (10% of the total area) and therefore of
0.001 relative to total outer monolayer lipid. This corre-
sponds to a relative area change Da/a between the two
monolayers of 0.2%. This is similar to what we estimated
for the condensation/spontaneous curvature mechanism in
our earlier work (23). Therefore in the case of PG, two
mechanisms of similar magnitude may contribute in synergy
to the bilayer imbalance. It should be remarked that the
occurrence of the PG flip-flop mechanism does not decrease
the efficiency of the PG deprotonation/packing mechanism
since the depletion of exterior PG attributable to flip-flop
is negligible. Therefore a longer length and pearling of tu-
bules may be expected with PC/PG-GUVs compared with
PC/CL-GUVs where only one mechanism is operative.
The occurrence of an acid-driven inward PG flip-flop
for PC/PG-GUVs might also explain the slower rate of tube
retraction after injection is stopped. Indeed, the interruption
of acid injection is followed by dissipation of the local low
pH inside the tube, limited by Hþ diffusion out of the tube.
For PC/CL-GUVs, where protonation-related change in
packing is the sole mechanism, such pH homogenization
immediately promotes deprotonation of CL and relaxation
of the membrane deformation (i.e., tube retraction), to
recover the initial lipid density and monolayer curvature
match between the two monolayers. Relative sliding of
the two monolayers also contributes to relaxation but only
minimally because it is slower than diffusion of the Hþ
ions (12).
With PG, when injection is stopped, the above-mentioned
relaxation mechanism associated with dissipation of the pH
gradient and PG headgroup deprotonation is operative but
can only yield partial tube retraction. Indeed, even when
this gradient has collapsed, outward flip-flop of excess
PG, although thermodynamically favorable is kinetically
frozen. The rate of unidirectional flip-flop being propor-
tional to the concentration of neutral PG in the leaflet and
therefore to the Hþ concentration (34), the rate of outward
flip-flop from the internal leaflet (pH 8) is much slower
(in principle 1000 to 10,000 times) than the rate of the pre-vious inward flip-flop from the external leaflet (pH ~ 4 to 5),
so that inside PG is effectively trapped in the internal leaflet.
Therefore, the relaxation of the density asymmetry caused
by asymmetric flip-flop only occurs through slow relaxation
mechanisms. Monolayer relative sliding that delocalizes the
residual density mismatch over the whole bilayer is a slow
process. An estimation of the timescale can be obtained in
the limit of small deformation as gs ¼ Kq2/2bm, Ks ¼ 0.1/
J$m2 being the monolayer stretching modulus, bm ¼
109J$s$m1 the intermonolayer friction coefficient and
q ¼ p/2L, the wavenumber of the deformation, with L ¼
30 mm, the length of the tube (25). This corresponds to a
timescale of ~ 30 s.
Lipid lateral diffusion is also able to relax the transbilayer
density mismatches related to flip-flop and may contribute
with a similar timescale, i.e., L2/Dlip ¼ 20 s with a value
of the lipid lateral diffusion coefficientDlip¼ 5mm2/sec (36).Numerical simulations of the tubulation process
We tested this hypothesis with numerical simulations based
on a continuum bilayer dynamical model, similar to that
developed in a previous study (24) but capable of accessing
the fully nonlinear regime (37). This model describes the
bilayer by its midsurface shape and by a lipid density field
for each monolayer. The viscoelastic response is determined
by the stretching and curvature elasticity, and by the inter-
monolayer friction and the membrane interfacial shear vis-
cosity. The state of the bilayer is encoded in the model by
the shape of the membrane surface G and by lipid density
fields in the outer (þ) and inner (-) monolayer, rþ and r -
respectively. The elastic forces derive from the free energy
as shown in the following:
F ¼ 1
2
Z
G
(
Ks
"
rþ
r0
 1
2
þ

r
r0
 1
2#
þ kð2HÞ2
)
dS;
(3)
where G denotes the total area of the membrane, Ks is the
monolayer stretching modulus as above, r0 is the equilib-
rium lipid density, k is the bilayer bending modulus, H is
the membrane mean-curvature, and any spontaneous curva-
ture is neglected. The dissipative forces derive from the
dissipation potential as shown in the following:
Dtot ¼
Z
G

bm
2
vþ  v2 þ m	dþ : dþ þ d : d
dS;
(4)
where bm is the intermonolayer friction coefficient as above,
vD and v- are the tangential velocity field vectors on each
monolayer (37), m is the monolayer interfacial viscosity,
dD and d- are the rate of deformation tensors of each mono-
layer, and ‘‘:’’ denotes the tensor contraction operator. ToBiophysical Journal 107(4) 879–890
FIGURE 5 (A) Schematic representation of the lipid density modifica-
tions, local shape changes, and lipid flows occurring after acid injection
on GUVs in the case of direct density change (left) and flip-flop (right).
See text for details. (B) Axially symmetric geometrical configuration
used for simulations of acid-induced tubulation in CL- or PG-containing
GUVs. S(x) is the arc length of the generating curve of the modified axisym-
metric area. The red arc represents S0, the standard deviation of the
Gaussian function by which the lipid packing modification is applied.
886 Khalifat et al.close the system, the balance of mass equations for each
monolayer is used as in the following:
dr5
dt
þ r5 ¼ ðdivv5  2vnHÞ; (5)
where vn is the normal velocity. Because the protrusions are
smaller than or comparable with the characteristic length
kbm/ Ksh (38) (where h is the viscosity of water), which is
of the order of a few micrometers, the viscous forces attrib-
utable to the solvent are neglected. The applicability of such
a simplifications are described in detail in our previous work
(37,39). The model is discretized under the assumption of
axisymmetry, using B-spline basis functions (37).
This model is able to capture the dynamics observed
in our experiments because it allows for the variation of
the lipid densities as a function of time and space as well
as for the formation of arbitrary membrane shapes. As dis-
cussed in the previous section, the acid injection modifies
the lipid packing by increasing the equilibrium density r0
that places the system out of equilibrium. Thus the outer
monolayer locally requires extra lipid to adopt the new equi-
librium density, which promotes lipid flows on the both
monolayers toward/from the modification area. The outer
monolayer lipid flow is dragged by the membrane viscosity,
because of the interfacial flow, and by intermonolayer fric-
tion because of the outer monolayer slippage on the inner
monolayer. Simultaneously the new outer monolayer equi-
librium density can be satisfied by the local membrane
bending (invagination) which again derives an interfacial
flow, partially slowed down by the membrane viscosity
(Fig. 5 A, left) (37,40). Similarly flip-flop can generate the
same type of dynamics by depleting the outer monolayer
and packing the inner monolayer (Fig. 5 A, right).
We chose as material parameters k¼ 1019 J, 2Ks¼ 0.1 J/
m2, bm ¼ 109 J s/m4, and 2.m ¼ 5.109 J s /m2 (12, 41–44)
The GUV was modeled as a deflated prolate vesicle of nom-
inal radius 25 mm, similar to the vesicles in the experiments,
and reduced volume v ¼ 0.85 (Fig. 5 B).
A more detailed simulation of the process reported here
would involve the advection/diffusion of Hþ ions in the
bulk, their reaction with the outer monolayer, and the sub-
sequent effect on the bilayer dynamics. To investigate the
plausibility of our hypothesis that asymmetric flip-flop is
the major source for the different behavior of PG and CL
GUVs, we focus on bilayer mechanisms, and build on our
previous work to treat in a simplified way the diffusion of
Hþ ions.
We describe first the simulation protocol for the CL-con-
taining membrane. The pH-induced lipid condensation is
introduced without explicitly accounting for the local diffu-
sion of Hþ ions because of acid injection and the subse-
quent protonation of lipid headgroups. A full treatment of
this effect in the case of small deformations can be found
in earlier studies (12,26). Instead, the equilibrium lipid den-Biophysical Journal 107(4) 879–890sity r0 in the outer monolayer (þ) in a small region of the
vesicle S0 was directly modified. To model such lipid
condensation, the equilibrium density is abruptly increased
by a constant amount for the duration of the injection time,
i.e., in the interval (0; tinj). This simplification is justified
because the acid-base equilibrium between the lipids and
the injected acid is instantaneous, and the time taken by
the pH profile to establish during the injection is of the or-
der of 30 ms in our experiments, which is negligible
compared with the injection time as shown in the
Lipid Flip-flop and Bilayer Tubulation 887Supporting Material, and in (26). Afterward, this lipid den-
sity modification is gradually decreased in a time-scale t
commensurate to what we observe in experiments, to ac-
count for the diffusion of excess Hþ after the end of the
injection.
More specifically, the term (rþ/r01) is replaced
by(rþ=rþ0  1) in the free energy (Eq. 1), where rþ0 ¼ r0
[1 þ dr0 (x, t)], and results in the following:
dr0ðx; tÞ ¼ Aemaxð0;ttinjÞ=t , e2SðxÞ
2=S20 ; (6)
where x denotes a position in the generating curve of the
axisymmetric surface, and S(x) is the arc length of the patch
subtended by x and S0, the standard deviation of the
Gaussian function by which the lipid packing modification
is applied (Fig. 5 B). The Gaussian profile is motivated by
the fact that the external concentration of Hþ is determined
by a diffusion-dominated flow of the acidic solution from
the micropipette (12–26). The duration of the injection
phase was set to tinj ¼ 10 s, the relaxation time for the lipid
density modification after injection to t ¼ 20 s (given the
complexity of theoretically estimating the rate of Hþ diffu-
sion out of a semi-closed nanotube coated with Hþ binding
groups, we choose a value commensurate with the CL tubule
relaxation time), and the amplitude of the density modifica-
tion to A ¼ 0.01 (see previous paragraph). The variance of
the Gaussian function used for the lipid packing modifica-
tion S0 was set to 7.5 mm, which is comparable with what
was previously reported for the modified area because of
the acidification (11).
To model the lipid flip from the outer to the inner mono-
layer in PG-containing membranes, a sink of lipids is added
in the outer (þ) monolayer, and a corresponding source of
lipids in the inner (-) monolayer, proportional to the lipid
density modification dr0. This accounts for the fact that
the protonated fraction of the lipids in (þ) that has an
enhanced probability of translocating to (-), is also respon-
sible for the direct density increase and is therefore propor-
tional to dr0. This also accounts for the fact that when
translocated to (-) these become unprotonated and do not
come back to (þ). For this purpose, the sink/source in the
conservation of mass equation of the þ/ monolayer is
set to Bdr0 (x, t)/A. We chose B ¼ 2.104 s1 in agreement
with an earlier study (34).
Comparison of the simulations of direct lipid density
modification alone (corresponding to CL) and direct lipid
density modification plus flip-flop (corresponding to PG)
is shown on Fig. 6 and Movie S3. The introduction of
flip-flop promotes a more rapid and intense tubulation
with enhanced pearling. Interestingly, whereas tubulation
because of direct density modification reaches a maximum
at the time of end of injection, tubulation further increases
afterward when flip-flop is taken into account. This is attrib-
utable to the fact that additional flip-flop keeps occurring
until the pH gradient is dissipated. Note however that thisshort delay between injection stop and maximum deforma-
tion may be difficult to detect experimentally since only the
plane projection of the tube length is measured. As in the
experiment, the tube formed in the presence of flip-flop re-
laxes more slowly than that formed with direct density
modification alone (120 s versus 30 s).
Fig. 7 shows the kinetics of growth and retraction of
the tube corresponding to the simulation shown in Fig. 6.
The tube length and kinetics both in the case of a direct equi-
librium density change (corresponding to CL-containing
GUVs) and in the case of a direct equilibrium density
change plus flip-flop (corresponding to PG-containing
GUVs), although not identical to experiments, occur in
similar time frames and with similar relative timescales
(factor of four in relaxation times).
The evolution of dissipation power during the simulated
tube growth and retraction was studied as a function of
time (Fig. S3). Dissipation through intermonolayer friction
because of monolayer sliding is the dominant process. How-
ever, transient increases in the fraction of total dissipation
that arises from monolayer viscosity occur during the ki-
netics. As already pointed at in our previous simulations
(37), these correspond to discontinuous events such as onset
of tubulation, initial neck formation, appearance or retrac-
tion of pearls, and final disappearance of neck and retrac-
tion. Such events are slowed down by the monolayer
viscous drag. This is consistent with our recent theoretical
work that describes in detail the coupling between out of
plane membrane shape transformations and lateral mono-
layer viscous dissipation (40).
These simulations suggest that not only the more
extended and pearled morphology of tubes formed with
PG but also their slower retraction as compared with CL
can be accounted for by a model in which local acidification
promotes both direct change in lipid packing and inward
PG flip-flop and in which tube retraction is limited by
monolayer sliding and dissipation is dominated by inter-
monolayer friction. It is therefore plausible that, upon local
exterior acidification of PC/PG-GUVs, the PG protonation-
induced equilibrium density/spontaneous curvature mecha-
nism and the PG flip-flop mechanism both contribute to
the tubulation.CONCLUSION
The present study documents two possible mechanisms
involved in pH gradient-induced shape changes of charged
lipid bilayers: 1), direct phospholipid packing (equilibrium
density and spontaneous curvature) modifications; and 2),
asymmetric flip-flop (leading to bilayer density imbalance),
both promoted by asymmetric protonation changes of lipid
headgroups. Whereas the occurrence of the first mechanism
only requires the presence of a protonable charged phospho-
lipid, the second mechanism requires the occurrence of
an uncharged form of this phospholipid, as well as aBiophysical Journal 107(4) 879–890
(legend on next page)
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FIGURE 7 Dynamics of tube length growth derived from simulations
and considering either only a direct equilibrium density change of the outer
monolayer (solid line), corresponding to CL-containing GUVs, or a direct
equilibrium density change and transbilayer sink/source flip-flop (dashed
line), corresponding to CL-containing GUVs. The two vertical dotted lines
correspond respectively to the end of the constant local density increase of
the outer monolayer (i.e., injection time) and the end of the relaxation of
this density increase.
Lipid Flip-flop and Bilayer Tubulation 889moderately sized headgroup. Apart from PG, phosphatidic
acid (45) and phosphatidylinositol are likely candidates.
Both mechanism lead to different relaxation properties,
that influence the dynamics of shape changes.
We have shown that a pH gradient applied to a model
membrane that mimics the mitochondrial inner membrane
of CL synthase-deficient yeast mutant induces the formation
of tubular structures. Our observation that the presence of
PG in membranes does promote the formation of membrane
tubules in the presence of a pH gradient provides an insight
into the mechanism by which PG can partially substitute
for CL in mitochondrial function. Indeed in the cdr1-null
mutant that lacks cardiolipin synthase and accumulates
PG, tubules that may partially substitute to normal cristae
may form in the IM, as found in PG-containing GUVs.
This may explain why significant mitochondrial activity is
present in this mutant despite the absence of CL (19–22).
Furthermore, the occurrence of a flip-flop mechanism for
PG may explain the particular temperature-sensitivity of
mitochondrial function in the cdr1-null mutant. In a previ-
ous study (33), it was found that PG flip-flop has an activa-
tion energy of 31 kcal/mole, corresponding to a threefold
increase of flip-flop rate every 7C. This is likely to affectFIGURE 6 Results of simulation of tube formation after local acid injection on
GUVs (first and third columns), and in the case of direct density change and flip
The color maps represent the difference between the monolayer lipid densities rþ
in red correspond to the time period where the acid diffuses and therefore the lipi
Movie S3.the mutant cristae morphology in vivo and therefore mito-
chondrial function. Therefore, this study gives further sup-
port to our suggestion of an important role of the lipid
composition in the MIM structure and function. Addition-
ally, this study contributes to the general understanding of
membrane tubulation, which occurs in processes as diverse
as Golgi remodeling (46), endosome sorting (47), filopodia
(48) and microvilli (49) formation, cell-cell contacts (50),
and intercellular communications (51).SUPPORTING MATERIAL
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